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NOTICE 

This report was prepared as an account of Government sponsored 
work. Neither the United States, nor the National Aeronautics 
and Space Administration (NASA), nor any person acting on be- 
half of NASA: 

(a) Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, apparatus, 
method, or process disclosed in this report may not 
infringe privately owned rights; or 

(b) Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor- 
mation, apparatus, method or process disclosed in 
this report. 

As used above, "person acting on behalf of NASA" includes any 
employee or contractor of NASA, or employee of such contractor, 
to the extent that such employee or contractor of NASA, or 
employee of such contractor prepares, disseminates, or provides 
access to, any information pursuant to his employment or con- 
tract with NASA, or his employment with such contractor. 

Requests for copies of this report 
should be referred to: 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 

Washington, D. C., 20546 
Attention: AFSS-A 
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ABSTRACT 

For the past two years HYDRONAUTICS, Incorporated has been 
engaged in work on cavitation damage in liquid sodium. Suftable 

test facilities and techniques to conduct these investigations 
in high temperature liquid metals have been developed in t h i s  

program. The considerations that governed the selection and de- 
velopment of a suitable laboratory factlity are discussed. The 
operational experience gained from using such a facility are 
presented. Based on this experience, an improved facility has 
been developed for testing refractory metals at temperatures up 
to 1500°F in liquid sodium. The high frequency fatigue testing 
techniques developed for these investigations are described. 
Experiments designed to standardize magnetostriction test param- 
eters are included along with a description of the components of 
the magnetostriction apparatus. An analysis was made to corre- 
late the cavitation damage resistance of several metals in liquid 

sodium with their mechanical properties. The intensity of cavi- 
tation damage in impure liquid sodium at 400°F was estimated 
from these data. Future work in the areas of cavitation damage 

resistance of refractory metals is also outlined. 
a 



HYDRONAUTICS , Incorporated 

-2- 

INTRODUCTION 

Research on cavitation damage in liquid alkali metals at 
high temperatures is motivated by the need f o r  development of 

light weight auxiliary power generating equipment for f'uture 
space vehicles in which liquid alkali metals are to be used as 
the thermodynamic working fluid. HYDRONAUTICS, Incorporated has 
been engaged in intensive investigations f o r  the past two years 
with the ultimate goal of developing meaningful design parameters 
for the determination of resistance of materials to cavitation 
damage in liquid metals. This is the final report summarizing 
the conclusions resulting from the investigations sponsored by 
National Aeronautics and Space Administration under Contract 
NASr-105. 

Recent investigations at HYDRONAUTICS, Incorporated with a 
magnetostrictive oscillator using distilled water and NaCl so lu -  

tions have produced relationships of the material response to 

the power output parameters. These relationships also have been 
determined for the case of five metals (pure iron, 201 nickel, 
316 stainless steel, 600 inconel and lOOA 'titanium) in oxygen sat- 
urated liquid sodium at 400°F. 
these experiments were extended to 1000 F. 

For one metal, lOOA titanium, 
0 

EXPERIMENTAL FACILITIES AND TECHNIQUES 

Criteria for the Selection of the Type of Facility 

There are several types of test facilities used for cavita- 
tion damage research. The choice of a suitable facility for 
alkali metal operation is governed by the following criteria. 
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1. The c a v i t a t i o n  device should produce s u f f i c f e n t  i n -  

t e n s i t y  t o  permit r e l a t i v e l y  s h o r t  testing t i m e s .  

2 .  The c a v i t a t i o n  device should be capable of simple 

opera t ion ,  p r e c i s e  con t ro l ,  r e l i a b l e  c a l i b r a t i o n ,  and y i e ld  f re-  

quent and reproducib le  data f o r  ana lyses  without s e r i o u s  i n t e r -  

r u p t i c n  o r  shut  down. 

3. The c a v i t a t i o n  device should be compact and s u i t -  

able f o r  opera t ion  i n  an i n e r t  atmosphere t o  prevent  contamina- 

t i o n  of the l i q u i d  a lka l i  metal. 

4 ,  The l i q u i d  metal  volume i n  t h e  system should be 

kept  t o  a minimum to 'enhance ease and s a f e t y  of s torage ,  t r a n s -  

f e r ,  p u r i f i c a t i o n  and hea t ing .  

5. The e n t i r e  f a c f l i t y  should be economical to con- 

s t r u c t  and operate ,  and r equ i r e  minimum f l o o r  space.  

6 .  The f a c i l i t y  should be ve r sa t i l e  f o r  conducting 

experiments r e l a t e d  to c a v i t a t i o n  damage, such as f a t i g u e  and 

stress cor ros ion  s t u d i e s .  

Among t h e  three types  of devices  (namely magnetos t r ic t ion ,  

flow v e n t u r i ,  and r o t a t i n g  d i s k )  t h a t  are g e n e r a l l y  used f o r  

c a v i t a t i o n  damage research ,  the  magne tos t r i c t ion  device appears  

t o  have t h e  best chance of s a t i s f y i n g  t h e  above c r i t e r i a .  I n -  

t e n s i v e  e f f o r t s  have gone i n t o  the development of a s u i t a b l e  

t e s t  f a c i l i t y  around t h e  magnetos t r ic t ion  appara tus .  

p a r a t u s  has been i n  opera t ion  f o r  over 1-1/2 y e a r s  and based on 

t h i s  experience,  a new improved f a c i l i t y  has been cons t ruc ted .  

The ap- 
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There have been p a r a l l e l  developments elsewhere t o  use t h e  o t h e r  

two types of f a c i l i t i e s ,  namely, t h e  flow device repor ted  i n  

Reference (1) and t h e  r o t a t i n g  d i s k  device repor ted  I n  Refer- 

ence ( 2 ) .  An e a r l i e r  a t tempt  t o  use the magnetos t r ic t ion  appa- 

r a t u s  i n  l i qu id  metal s t u d i e s  was only p a r t i a l l y  success fu l  ( 3 ) .  

Magnetostr ic t ion Device f o r  Cavi ta t ion  Damage Research 

Magnetostr ic t ion devices  f o r  l abo ra to ry  s t u d i e s  of c a v i t a -  

t i o n  damage phenomena have been used by many i n v e s t i g a t o r s  i n  

the  p a s t  ( 4 ) .  
on t h e s e  devices such as s i m p l i f i c a t i o n  of c i r c u i t s ,  reduct ion  of  

power consumption, i nc rease  i n  e f f i c i e n c y  and ease  of opera t ion .  

Mason (5) introduced t h e  idea of an exponent ia l  horn coupled t o  

a t ransducer  which performed t h e  func t ion  of a v e l o c i t y  t r a n s -  

fo rmer .  Th i s  idea  was u t i l i z e d  a t  C a l i f o r n i a  I n s t i t u t e  of  Tech- 

nology (6 )  t o  a t t a i n  s u b s t a n t i a l  l i n e a r  v i b r a t o r y  motion a t  re la-  

t i v e l y  high amplitudes ( 2  x inches )  from a modest power in -  

put  of 200 wat t s .  Fur ther  magnif icat ion of  amplitude f rom t h e  

same power source i s  poss ib l e  by stepped c y l i n d r i c a l  horns i n  

l i e u  of the exponent ia l  types ( 7 ) .  
complished f o r  obtaining reproducib le  and re l iab le  c a v i t a t i o n  

damage data by magnetos t r ic t ion  t e s t i n g .  P a r t  of t hese  data were 

obtained under Office of Naval Research Contract No. Nonr 3 7 5 5 ( 0 0 )  

FBM NR 062-293, and are repor ted  i n  t h e  Appendix 1 f o r  t h e  sake 

of completeness ( see  a l s o  Reference (8) ) . 

I n  r ecen t  y e a r s  many improvements have been made 

Extensive work has been ac -  

I n  view of t h e  s i m p l i c i t y  of opera t ion ,  ease  of c o n t r o l  Of 

t h e  t e s t  parameters of i n t e r e s t ,  small s i z e  and weight of the 

equipment, inexpensive prepara t ion ,  weighing and examination of 
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the specimens, it was decided to adapt the magnetostriction de- 

vice t o  a cavitation damage test facility for high temperature 
liquid alkali metals. Essentially, a vacuum dry box enclosure- 

was chosen to contain an inert atmosphere around the magneto- 
striction device which vibrated a specimen in a heated retort of 
liquid alkali metal. This arrangement overcame many operational 

problems which no doubt plagued the earlier investigations pre- 

viously mentioned (3). 

Design Criteria for the Magnetostriction Test Facility 

The following design criteria are required for an acceptable 
facility for testing refractory materials in liquid alkali metals 

at high temperatures. 

1. Means for providing and maintaining a clean, con- 
trolled inert environment in contact with the liquid alkali metal. 
This environment should be essentially free of oxygen, hydrogen, 

moisture and carbon containing materials; 

2. Means for storing, purifying, charging, trans-, 
ferring, sampling and discarding liquid alkali metals used in the 

test, in a safe, efficient manner; 

3. Means for remotely operating and controlling the 
magnetostriction device such as accurate positioning of the 

specimen in the test liquid; varying amplitude and frequency; 
frequently removing specimens for examination and weighing; con- 
ducting related fatigue tests at corresponding frequencies and 
suspending static stress corrosion coupons; 
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4. Means f o r  varying and c o n t r o l l i n g  t h e  temperature of- 

t h e  l i q u i d  metal i n  the t e s t  r e t o r t  and throughout o the r  parts of 

t he  l i q u i d  metals loop; 

5. Means f o r  varying the p r e s s u r e  above the tes t  l i q u i d  

and prevent ing escape of l i q u i d  metal vapors from t e s t  r e t o r t ;  

6. Means f o r  cool ing work areas, c r i t i c a l  seals and 

opera t ing  components t o  safe temperatures;  

7 .  Means f o r  miscellaneous opera t ions  such as f requent  

access  t o  work areas; c a l i b r a t i o n  of magne tos t r i c t ion  device i n  

p lace ;  bake-out o f  specimens p r i o r  t o  t e s t i n g ;  insurance of s a f e  

operat ion,  adequate l i g h t i n g  and e l e c t r i c a l  and instrument s e r v i c e s .  

The I n i t i a l  F a c i l i t y  

With the  above design c r i t e r i a  as a guide,a l imi ted ,  low c o s t  

d ry  box f a c i l i t y  was fab r i ca t ed  t o  g a i n  ope ra t iona l  experience and 

pre l iminary  c a v i t a t i o n  damage data i n  l i q u i d  sodium. The most 

economical methods were chosen t o  meet the  design c r i t e r i a ,  and 

i n  most cases,  t hese  methods f e l l  s h o r t  of complete a t ta inment .  

A simple, non- s t ruc tu ra l  purge type o f  dry box was cons t ruc-  

The gas was d r i e d  t o  -80°F dew- 

ted i n  which a i r  was removed f rom the enclosure by displacement 

w i t h  commercial-grade cover-gas. 

p o i n t  i n  a commercially a v a i l a b l e  d e s s i c a n t  dryer.  No i n s t r u -  

mentation was provided t o  measure t h e  moi s tu re  o r  oxygen content  

of t h e  I n e r t  atmosphere i n  t h e  dry  box. The g e n e r a l  arrangement 

of the  dry box i s  shown i n  Figure 1. 
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1. GAS CONTROL APPARATUS 
2. DRY BOX 
3. AIR LOCK 
4. GLOVE PORTS 
5. FURNACE AND CONTROL 
6. POWER SUPPLY AND CONTROLS FOR 

MAG N ETOSTR I CTI 0 N APPARATUS 

FIGURE 1 .  GENERAL ARRANGEMENT OF INITIAL 
CA V I TAT IO N 0 AM AG E FAC I C I TY 
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No provis ions  were made t o  p u r i f y  t h e  sodium be fo re  f i l l i n g  

the t e s t  r e t o r t .  D r y J  one pound b r i c k s  of r e g u l a r  grade sodium 

were brought i n t o  t h e  d ry  box through a purge type  of a i r  lock 

and melted i n  t h e  r e t o r t .  All su r face  oxides were skimmed o f f  

t h e  top  by means of a s i e v e  type ladle .  A cold trap s t u b  was 

provided i n  t h e  bottom of the  r e t o r t  t o  p r e c i p i t a t e  oxides a t  
250°F. 

d i sca rd ing  of t h e  spent  sodium as shown i n  Figure 2. 

A d r a i n  valve at  the  bottom of the cold t rap f a c i l i t a t e d  

The magnetos t r ic t ion  appara tus  was mounted on a t r a v e l l i n g  

crosshead which was moved up and down on v e r t i c a l  guide ra i ls  by 

means of a moto r i zed  lead screw. The e l e v a t i n g  motor was mounted 
ou t s ide  the dry box and the d r i v i n g  lead screw was sealed i n  a 

packed g land ,  

appara tus  were loca ted  ou t s ide  the box. 

gram of t he  e s s e n t i a l  components of the magnetos t r ic t ion  appara- 

t u s .  It c o n s i s t s  of an audio o s c i l l a t o r ,  a 200 watt amplif ier  

and power supply, a magnetos t r ic t ion  t ransducer ,  a v e l o c i t y  t r a n s -  

former, a displacement pick-up c o i l ,  an osc i l l o scope  and a tes t  
specimen. 

of t h e s e  components i s  given i n  Appendix 11. 

A l l  e l e c t r i c a l  c o n t r o l s  f o r  t h e  magne tos t r i c t ion  
Figure 3 i s  a block d i a -  

A b r i e f  d e s c r i p t i o n  o f  the func t ion  and des ign  of each 

A r e t o r t  furnace  was provided wi th  an  automatic temperature 

c o n t r o l l e r  t o  maintain l i q u i d  meta l  temperature wi th in  f 15'F, 

Cooling o f  t h e  magnetos t r ic t ion  appara tus  and r e t o r t  head 

was accomplished by means of an  i n t e r n a l  f a n  blowing argon gas 

over a s e t  of water cooled c o i l s  (seamless s t a i n l e s s  s t ee l )  



FIGURE 2. COLD TRAP ASSEMBLY FOR INITIAL FACILITY 
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The magnetos t r ic t ion  horn was i s o l a t e d  e l e c t r i c a l l y  from the 

d ry  box to permit  t h e  specimen t o  c lose  an i n d i c a t i n g  c i r c u i t  up- 

on contac t  wibh the  sodium. 

t i o n  of the  appara tus  could be made i n  p l ace .  

very cumbersome. 

There was no way i n  which c a l i b r a -  

T h i s  proved t o  be 

Light ing w a s  fu rn ished  by two 60 w a t t  bulbs  which were wired 

i n t e r n a l l y .  Thermocouple s t u f f i n g  glands were used f o r  a l l  e l e c -  

t r i c a l  feed- thru  connections.  A low pres su re  alarm was provided 

t o  ind1ca-t.e w_h_p_n_ C ~ Q T J P ~  o-w m a c  Q i i n n l T r  U U r r ~ ~  7 . 7 3 ~ 1  wuu I L L U I  n-n-1.-  iy c A i i a u D  --rL..---&-= bcu. 

It turned out t h a t  t h e  major d i f f i c u l t y  experienced w i t h  the 

d ry  box was leakage around seals, p a r t i c u l a r l y , a t  t h e  a i r  lock and 

r e t o r t .  T h i s  requi red  t h e  use of large amounts of argon a t  gage 

p res su res  of 2 to 3 inches of water to maintain the i n e r t  atmos- 

phere.  Di f fus ion  of t h e  oxygen through these  leaky seals con- 

t r i b u t e d  l a r g e l y  to the  contamination problem w i t h  t h e  sodium. 

Also, inadequate s e a l i n g  of t he  magnetos t r ic t ion  rod e n t e r i n g  t h e  

r e t o r t  

d r y  box which fogged t h e  viewing window and caused occas iona l  e l e c -  

t r i c a l  s h o r t s .  

r e s u l t e d  i n  s u b s t a n t i a l  sodium vapor condensing i n s i d e  t h e  

I n  s p i t e  of t hese  problems, t h e  pre l iminary  data obtained were 
encouraging enough topromote cons t ruc t ion  of an improved f a c i l i t y .  

The data presented i n  the l a t t e r  s e c t i o n  of t h e  r e p o r t  has t he  f o l -  

lowing l i m i t a t i o n s  which a r e  expected t o  be e l imina ted  i n  t h e  new 

c a v i t a t i o n  t e s t  f a c i l i t y :  

( a )  I n e r t  atmosphere could not  be c a r e f u l l y  c o n t r o l l e d .  

Displacement w i t h  cover gas  was inadequate to maintain an atmos- 

phere w i t h  t o t a l  contamination of &,N2 and & O  of  l e s s  than  5 ppm. 
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(b) The oxide levels in sodium can be assumed to be 
saturated at the test temperature. In several cases these oxide 
levels were considerably over 50 ppm. 

(c) Inadequate cooling and gasket arrangements pre -  

vented temperature runs above 1000°F. 

(d) Infrequent changing of sodium in retort probably re- 
sulted in a certain amount of ion contamination from the testing 
of several different specimen materials. 

(e) Specimen immersion control was difficult due to 
formation of a surface deposit on the sodium which prevented ac- 
curate determination of the liquid level. 

Features of the New Test Facility 

Based on the experience gained with the initial facility and 
the further need for critical control of the environment for re- 

fractory metal studies, a new facility was designed which incor- 
ported many improvements and modifications. Tight specification 
control was exercised over fabrication and performance require- 
ments. The new facility was designed to handle liquid sodium up 
to temperatures of 1500 F and pressures up t o  5 psig. 0 

The test facility consists of the following equipment cate- 
gories: 

1. Inert Environment - The components associated with 
providing an inert environment are the d r y  box, retort assembly, 
vacuum system and the cover gas system with related instrumentation. 
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( a )  Dry box - A vacuum chamber was designed t o  be 

evacuated t o  a m i n i m u m  pressure  of 2.5 microns of mercury p r i o r  

t o  back f l u s h i n g  w i t h  pure argon cover gas. The chamber can 

withstand i n t e r n a l  gas pressures  up t o  5 p s i g  inc luding  sudden 

surges  from full vacuum t o  fill pres su re .  The i n t e r n a l  areas d 

t h e  d ry  box are free of l ub r i can t s ,  r e f r a c t o r y  and carbon con- 

t a i n i n g  m a t e r i a l s  except f o r  minor packings and seals. A s tand-  

ard s loped-f ront  dry  box 48" L x 31" D x 28" H, w a s  mod i f i ed  with 

s p e c i a l  access  openings f o r  an  a i r  lock, specimen lock, t u b u l a r  

housing f o r  t h e  magnetos t r ic t ion  device,  rear door, view p o r t s ,  

l i g h t i n g  p o r t s ,  u t i l i t i e s  and instrument connections.  A false 

bottom i s  f a b r i c a t e d  i n  t h e  box f o r  cool ing purposes.  A l l  con- 

t r o l  consoles  f o r  essent ia l  systems are incorpora ted  i n t o  the  ex- 

t e r n a l  support  frame. The e n t i r e  f a c i l i t y  i s  mounted on a mova- 

b l e  dolly. The g e n e r a l  arrangement i s  shown i n  Figure 4. 

The dry  box i s  constructed of 304 s t a i n l e s s  s t e e l ,  e x t e r n a l -  

l y  braced as necessary.  All i n t e r n a l  welds are f u l l  f i l e t  welds 

ground back t o  a number f o u r  s a t i n  f i n i s h .  Externa l  metal  J o i n t s  

are cont inuously welded a f te r  a s c e r t a i n i n g  leak t i g h t n e s s  i n  con- 

formance wi th  h ighes t  q u a l i t y  vacuum p r a c t i c e .  

(b) Reto r t  Assembly - The bottom of t h e  dry box i s  

cons t ruc ted  with a s p e c i a l  f lange  amangement t o  permit a r e t o r t  

t o  be bo l t ed  i n  p l ace  by means of  a m e t a l l i c  O - r i n g  seal, The 

water cooled fa lse  b o t t o m  i s  arranged s o  as n o t  t o  i n t e r f e r e  

w i t h  t he  r e t o r t  connection. The r e t o r t  w i l l  be descr ibed i n  more 

d e t a i l  under the  s e c t i o n  on Sodium Handlinn below. 
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( c )  Vacuum System - To achieve t h e  vacuum r e q u i r e -  

ments i n  t h e  dry box set f o r t h  above, a 15 cfm mechanical pump 

was s e l e c t e d .  Pump down af ter  i n i t i a l  outgassing i s  accomplished 

i n  about one hour. The pwnp i s  i s o l a t e d  and shock mounted to 
prevent  t ransmiss ion  of mechanical v i b r a t i o n s  to the  dry  box o r  

its suppor ts .  The vacuum manifolds and p ip ing  are fabrTcated 

from hard drawn copper, adequately s ized  f o r  e f f i c i e n t  pump down. 

All va lves  i n  t h e  system are high vacuum sweat s o l d e r  types  wi th  

m e t a l l i c  bellows. The system was thoroughly cleaned of a l l  o i l  

and v i s i b l e  oxides before  assembly and l eak  checked w i t h  a helium 

mass spectrometer  a f t e r  assembly. 

Figure 5 shows a schematic p ip ing  and instrument  arrange- 

ment of the vacuum system. A keyed master switch i s  provided t o  

c o n t r o l  t h e  pump switch t o  prevent a c c i d e n t a l  s t a r t i n g  of t h e  

vacuum pump. The cool ing water pump switch i s  a l s o  in te r - locked  

w i t h  the  vacuum pump to prevent excessive p re s su re  i n  t h e  false 

bottom of t h e  dry  box which could put  undue s t r a i n  on c r i t i c a l  

w e l d s  a t  the seams. 

( d )  Cover Gas System - An i n e r t  atmosphere of pure 

argon surrounds a l l  components which a r e  i n  con tac t  w i t h  o r  

have access  to t h e  l i q u i d  sodium commercially a v a i l a b l e ,  high 

p u r i t y  argon, w i th  total m o i s t u r e ,  oxygen and n i t r o g e n  of less 

than  5 ppm, i s  used. The cover gas i s  introduced i n t o  t h e  d ry  box 

(back f l u s h e d )  a f t e r  evacuation of a i r .  I n i t i a l l y ,  a l t e r n a t e  

vacuum purging and back f lush ing  w i t h  argon i s  repea ted  u n t i l  

oxygen and moisture  content  i n  t h e  dry  box are below 5 ppm t o t a l .  
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I n  a d d i t i o n  t o  providing an i n e r t  atmosphere over t h e  sodium, 

cover gas  p re s su re  i s  a l s o  used to t r a n s p o r t  l i q u i d  sodium through- 

out the  d i f f e r e n t  p a r t s  o f  t h e  sodium handling system, which i s  

descr ibed  la ter .  A schematic diagram, Figure 6, shows the layout  

of the  cover gas system. A pressure  alarm switch i n d i c a t e s  when 

the  gas  f lask i s  n e a r l y  empty so t ha t  a replacement can be switched 

on t h e  l i n e  without i n t e r r u p t i n g  opera t ions .  Another safety fea- 

t u r e  provided i s  a solenoid operated valve which shu t s  o f f  t h e  

m a 9  system while the vaciium pump is running.  
0-1 

A s  p a r t  of t h e  cover gas system, ( s e e  Figure 7) ,monitor ing 

s t a t i o n s  are s e t  up to measure oxygen and moisture  i n  t h e  cover 

gas on a p e r i o d i c  basis. A n  alarm w i l l  be incorpora ted  i n t o  the  

system to warn t h e  opera tor  of high moisture  

cover gas .  

o r  Q content  i n  t h e  

2. Sodium Handling - The components a s soc ia t ed  wi th  

t h e  l i q u i d  metals  system are t h e  r e t o r t  assembly, s torage ,  

charging and drainage tanks,connecting loop, and r e l a t e d  i n s t r u -  

mentat ion.  

(a )  Retor t  Assembly - A s tandard 5 inch  diameter, 

h igh  n i c k e l  a l l o y  po t  f o r  the furnace was modified to b o l t  to t h e  

bottom f l ange  adap te r  of t h e  dry box. The r e t o r t  i s  f i t t e d  w i t h  

a sodium f i l l  and d r a i n  l i n e  and an  overflow l i n e  t o  permit  a 

cons tan t  l e v e l  of l i q u i d  t o  be maintained. An e x t e r n a l l y  mounted 

furnace  surrounds t h e  r e t o r t  and an a d d i t i o n a l  clamp-shell  h e a t e r  

i s  f i t t e d  around t h e  sodium piping leading  i n t o  t h e  r e t o r t .  T h i s  

i s  necessary  to provide adequate hea t ing  capac i ty  f o r  high tempera- 

t u r e  t e s t s .  The furnace d e t a i l s  w i l l  be descr ibed  la te r .  A l l  
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pip ing  and valves i n  contac t  w , t h  l i q u i d  soL,um are f a b r t c a t e d  

f rom 316 s t a i n l e s s  s t e e l .  Valves a r e  bellows sea led  and vacuum 

t i g h t .  The welds a r e  of radiographic  q u a l i t y  made by t h e  i n e r t  gas  

sh ie lded ,  tungsten-arc process  intended f o r  high temperature 

sodium se rv ice ,  and they conform t o  appropr i a t e  s e c t i o n s  of ASME 

Unfired Pressure Vessel Code and l i q u i d  meta l  s p e c i f i c a t i o n s .  The 

de ta i l s  of the r e t o r t  assembly a r e  shown i n  Figure 8. 

The r e t o r t  head, which i s  bol ted  t o  a f l ange  assembly i n -  

s ide t h e  dry  box, completely i s o l a t e s  t h e  r e t o r t  assembly f rom 

t h e  d ry  box. T h i s  arrangement permits  independent c o n t r o l  of  

p re s su res  i n  t h e  r e t o r t  f o r  s e t t i n g  experimental  condi t ions  as 

well as f o r  v e r s a t i l i t y  i n  f i l l i n g  and d ra in ing  without d i s t u r b -  

i n g  t h e  main chamber environment. The r e t o r t  head as shown i n  

Figure 8 a l l o w s  i n s e r t i o n  of t h e  specimenymounted on t h e  magneto- 

s t r i c t i o n  horn ex tens ion , in to  t h e  sodium through a vapor t i g h t  

t e l e s c o p i c  s e a l .  Thermocouples a r e  pos i t ioned  i n  t h e  r e t o r t  head 

a t  two  l e v e l s  t o  permit readout of the  sodium l e v e l  dur ing  f i l l i n g  

and d ra in ing .  The t e l e s c o p i c  s e a l  i s  f i t t e d  wi th  a s m a l l  band 

h e a t e r  t o  permit mel t ing of  condensed sodium i n  t h e  j o i n t  should 

t h i s  become necessary.  Push-rod c l ean  out probes have been pro-  

v ided  i n  t h e  gas  and vacuum l i n e  e n t e r i n g  the r e t o r t  head t o  un- 

plug t h e  l i n e  f r o m  sodium condensate accumulations which may 

occur during opera t ion .  

( b )  Storage, Charging and Drainage Tanks - I n  order  

t o  f a c i l i t a t e  hand l ing  and p u r i f i c a t i o n  of the sodium, r e a c t o r  

grade sodium i s  cold trapped commercially t o  50 ppm oxide content  

and shipped i n  c l ean  30 g a l l o n  re inforced  s t a i n l e s s  s t e e l  drums. 
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These drums can take  p res su res  of 1 to 30 p s i a  and be heated to 

300°F without damage o r  danger. 

cussion two such drums a r e  provided; one i s  used f o r  s to rage  and 

t h e  o the r  i s  used f o r  a d r a i n  tank. When t h e  spent  sodium f i l l s  

t h e  d r a i n  tank ,  i t  i s  shipped back t o  t h e  s u p p l i e r  f o r  reprocess-  

ing or d i scard ing .  I n  order  t o  f u r t h e r  p u r i f y  t h e  l i q u i d  sodium 

to 10 & 10 ppm oxide content ,  i t  i s  hot  trapped i n  a s p e c i a l  

charging tank containing zirconium ch ips .  I n  t h i s  tank a s m a l l  

charge of 25 pounds of sodium i s  t r a n s f e r r e d  from t h e  s to rage  tank .  

T h i s  charge i s  then  heated t o  1400°F f o r  a per iod of 72 hours i n  

a s p e c i a l  furnace descr ibed l a t e r .  The zirconium tu rn ings  a c t  as 

a n  oxygen g e t t e r i n g  m a t e r i a l  which g radua l ly  reduces the oxides 

i n  the l i q u i d  metal and converts  them t o  the  s t a b l e  zirconium 

oxide.  After g e t t e r i n g ,  t h e  charging tank i s  used as a s m a l l  

s t o rage  tank t o  f i l l  t h e  r e t o r t  p e r i o d i c a l l y .  After each t e s t  

run, t h e  sodium i n  the r e t o r t  i s  drained to t h e  d r a i n  tank by 

means o f  gas  p re s su re  and vacuum c o n t r o l .  A schematic diagram of 

the  sodium system i s  shown i n  Figure 9. A l l  s tandard s a f e t y  pre-  

I n  the sodium system und-er d i s -  

cau t ions  have been observed such as providing metal  pans under a l l  

sodium containing apparatus ,  safety goggles,  b rea th ing  masks and 

a p p r o p r i a t e  f i r e  ex t ingu i she r s .  

3.  Magnetostr ic t ion Apparatus - The components asso-  

c i a t e d  with t h i s  system a r e  t h e  magnetos t r ic t ion  t ransducer  and 

r e l a t e d  e l e c t r o n i c  powering and measuring equipment (descr ibed 

p rev ious ly )  , t ubu la r  housing, e l e v a t i n g  mechanism and r e t o r t  s e a l -  

i n g  system with i t s  ins t rumenta t ion  and c o n t r o l s .  
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(a)  Tubular Housing and Eleva t ing  Mechanism - The 
t ransducer  and horn assembly i s  mounted i n t o  a vacuum t i g h t  

t u b u l a r  housing by means o f  machining the  nodal  support  f lange  

on the  upper ho rn  cy l inde r  t o  accomodate an  O-ring s e a l  wi th in  

t h e  housing. The support  f lange  i s  s o  arranged that  i t  e l e c -  

t r i c a l l y  i s o l a t e s  t h e  horn from t h e  housing. The t u b u l a r  housing 

p i e r c e s  t h e  dry box through an O-ring s e a l  gland which i s  r e a d i l y  

removable f o r  renewal of worn s e a l  r i n g s .  The t u b u l a r  housing 

i s  f i t t e d  i n t o  a w e l l  r eces s  which i s  welded i n t e g r a l l y  w i t h  t h e  

dry box. The top  of t he  tubu la r  housing forms a crosshead which 

t r a v e l s  up and down on a p a i r  of e x t e r n a l  b a l l  bear ing  j ack  

screws which are powered by a gea r  moto r  d r i v e .  The i n t e r n a l  

volume of  t he  tubu la r  housing i s  f i l l e d  w i t h  kerosene which sub- 

merges the  t ransducer  s t ack .  An a d d i t i o n a l  seamless t u b u l a r  water 

cool ing c o i l  i s  pos i t ioned  around t h e  t ransducer  to d i s s i p a t e  t h e  

hea t  generated by t h e  power t o  the  magnetic c o i l s .  The e n t i r e  

e l e v a t i n g  mechanism i s  operated by a foo t  switch outs ide  t h e  

dry box. L i m i t  switches a r e  provided t o  prevent  ove r - t r ave l  o f  

t h e  crosshead. A mechanical i n d i c a t o r  on the housing shows depth 

of specimen immersion i n  t h e  l i q u i d  sodium, a f t e r  su r face  contac t  

( e l e c t r i c a l  i n d i c a t i o n )  i s  made. 

The lower po r t ion  of t h e  housing conta ins  t h e  male t e l e -  

scopic  s e a l  which mates w i t h  t h e  r e t o r t  t e l e s c o p i c s e a l  t o  make a 

vapor t i g h t  j o i n t  during an  experiment. The assembly de t a i l s  of 

t h i s  component a r e  shown i n  Figure 10. 

When magnetos t r ic t ion  tes ts  a r e  not  i n  progress ,  o r  when 

t h e  instrument i s  being c a l i b r a t e d ,  a vacuum t i g h t  screw cap i s  

provided t o  s e a l  t he  r e t o r t  t e l e s c o p i c  opening. Ca l ib ra t ion  of 
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the magnetostriction device is accomplished in place through the 
large access door  in the rear. 

4. Heating System - The components associated with 
the heating system are the retort furnace, hot-trap furnace, 

vacuum furnace, drum heaters, and traced lines with related 
instrumentation and controls. An electrical schematic diagram 
of this system is shown in Figure 11. 

(a) Retort Furnace - The retort furnace is a modi- 
fied pot furnace (2500 watts), with the base removed,as used in 
the initial test facility. The original furnace was designed 
for pot temperatures of 150OUF. However,with the addition of the 
retort piping, a booster clamp-shell furnace is fitted around the 
bottom of the piping leaving the retort. The retort and clamp- 
shell furnaces are supported on an adjustable shelf mounted under- 

neath the dry box. 

(b) Hot-trap furnace - This furnace is a 16 kw 
10 inch diameter pot furnace, dolly mounted and adapted to re- 
ceive the hot trap charging tank. The retort and hot trap fur- 
naces are regulated by an automatic pyrometer which can maintain 
the retort temperatures within f 15'F. 

(c) Vacuum Furnace - The dry box was adapted to re- 
ceive a 15 inch I.D. "air lock" which can be converted to a large 
vacuum furnace should the need be required. The dry box was also 
fitted with a smaller 6 inch I.D. specimen air lock to allow f o r  

rapid movement of specimens in and out of the dry box. For the 
initial work, the specimen lock is fitted with external heater 
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elements t o  provide vacuum bake out o f  r e f r a c t o r y  meta ls  p r i o r  

t o  t e s t i n g ,  s ince  minor t r a c e s  of moisture  can s e r i o u s l y  i n t e r -  

f e r e  with t h e  r e s u l t s .  

(d) Drum Heaters  - Two band h e a t e r s  of 2000 watts 

are used around the  s to rage  drum t o  l i que fy  t h e  sodium, f o r  

t r a n s f e r  t o  o t h e r  p a r t s  of t h e  system. A s i n g l e  band h e a t e r  i s  

used t o  keep t h e  d r a i n  drum w a r m  during use.  

( e )  Traced Lines - The sodium t r a n s f e r  l i n e s  a r e  

t r aced  w i t h  s p i r a l l y  wrapped wire hea t ing  elements c l ipped  i n  

p lace  w i t h  hose clamps. Thermocouples a r e  provided a t  con- 

venient  po in t s  t o  i n d i c a t e  temperatures .  

5. Cooling System - The components a s soc ia t ed  w i t h  

t h e  cool ing system a r e  t h e  pump and hea t  exchange systems w i t h  

r e l a t e d  ins t rumenta t ion  and c o n t r o l s .  These a r e  shown i n  

Figure 12 .  

6. Safety Controls - All m a j o r  c o n t r o l s  are brought 

out t o  f r o n t  pane ls  by means of reach r o d s  f o r  easy access  and 

opera t ion .  Main c o n t r o l  va lves  and c i r c u i t s  such as vacuum, 

sodium, cover gas ,  cool ing and hea t ing ,  opera te  p i l o t  l i g h t s  t o  

i n d i c a t e  " i n  use" .  Safe ty  i n t e r l o c k s  are provided t o  prevent  

cover gas  system and vacuum, cool ing water and vacuum, or sodium 

and vacuum systems f rom opera t ing  simultaneously.  A l a r m s  w i l l  be 

provided t o  ind ica t e  l o s s  of  cover gas pressure ,  coolant  pressure ,  

excess  02 or moisture content  i n  cover gas ,  l o s s  of contac t  of 

specimen w i t h  sodium and overheating o f  fu rnaces .  Figures  13, 
14,  15 and 16 a r e  photographs of t h e  new f a c i l i t y  as i n s t a l l e d .  
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FIGURE 13. FRONT VIEW OF REFRACTORY METALS DRY BOX FACILITY 
SHOWING INSTRUMENTATION AND GENERAL ARRANGEMENT 
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FIGURE 14. RIGHT SIDE VIEW OF REFRACTORY METALS DRY BOX 
FACILITY SHOWING AIRLOCK AND COVER GAS SYSTEM 
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FIGURE 15. L E F T  SIDE VIEW OF REFRACTORY METALS DRY BOX 
SHOWING VACUUM AND SODIUM SYSTEMS 
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FIGURE 16. REAR VIEW OF REFRACTORY METALS DRY BOX WITH ACCESS 
DOOR OPEN SHOWING MAGNETOSTRICTION DEVICE AND RETORT ASSEMBLY 
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RESULTS AND DISCUSSION 

Effect of Testing Time on the Rate of Cavitation Damage 

It has been the general practice in the past to test all ma- 
terials over an arbitrarily selected constant duration, and to 
compare the cumulative weight loss as an indication of the cavita- 
tion damage resistance. Recent investigations with the help of 
a magnetostriction oscillator,using distilled water at 80°F as 
the test liquid, have pointed out that this is not a good prac- 
tice since the rate of damage is dependent on the test duratfon 
itself (8), (9). This result has been confirmed for the case of 
liquid sodium using five metals (pure iron, 201 nickel, 316 
stainless steel, 600 incone1,lOOA titanium). The data are shown 

in Figures 17 through 21*. An analysis of these figures shows 
that the relationship between the rate of cavitation damage and 
the test duration can be divided into four zones as follows: 

(a) Incubation Zone. In this zone there is no measur- 
able weight l o s s .  The extent of this zone depends upon the ampli- 
tude of vibration for a given frequency and temperature. 

(b) Accumulation Zone. This zone represents the time 
during which the rate of weight l o s s  increases with time as a 
result of an apparently increasing energy absorption rate. 

(e) Attenuation Zone. The rate of weight loss reaches 

a peak value and then decreases with time due to the attenuation 
of the energy absorption rate. The beginning of this zone is 

* The amplitudes referred to in this report are all peak to peak 
values. 



35 

4 
2 

2" 

0 

I- 
T 

a s 
B 
4 

W 
E 
3 a 

cn cn 
0 
J 
c 

z 
0 
W 

I- 
r 
LL 
0 
I- o w 
LL 
LL 
w 



HYDRONAUTICS, INCORPORATED 

0 
lci 

0 
N 
rr) 

L 

0 cu 
I 
J 
W 
x 
0 
z - 

J 
Q 

W 
t 
4 s 

- 
a 

W e 

0 
ri 9 * 0 0 c9 - 

0 
Q) 
N 

0 * 
CI) 

O 
cu - 

0 
a0 

0 
0 



HYDRONAUTICS, INCORPORATED 

37 

00 (9 Y cu 
0 0 0 0 

U!U 
-%SO1 lH913M A0 31W 6u 

0 - 

LL 
0 0  0 

0 
J 

O I- 
S 
( 3 .  

0 
0 
6 l  

0 
0 - 

0 
0 



HYDRO NAUTl CS, INCORPORATED 38 

0 
0 
W 
J 
W 
z 
0 
V z - 

J 
4 

W 
t 
4 z 

- 
a 

0 
d 

3 
n 

0 
0 
W 
LL 

3 0 
3 

0 
v) - 

0 
0 - 

0 
v) 

0 
0 

a 
z 
0 
W 



HYDRONAUTICS, INCORPORATED 2 Q  

- = o  
'cu, "I'p 

. -  e . .  
' .  
. .  
- 0 :  
- w  
: t  

: I  
. 4  

0 

J J  

a 

a 

0 

0 

0 

0 QD a 0  * cu 
0 0 0 0 U !ru - 'SSOl lH913M d0 31Vtl 6u 

- 0 

J 
L 

t 

0 
0 - 
L L  
0 

LL 
0 
w + 
U 
a 



HYDRONAUTICS, Inc orporat ed 

characterized by the formation of isolated deep craters on the 

surface of the test material. 

(d) Steady State Zone. Since the rate of loss reaches 
a constant value after the attentuation zone, this is called the 
steady state zone. 

The interacting influence o f  testing time has to be proper- 
ly understood before any attempt is made to compare the cavita- 
tion damage resistance of different materials under different 
test conditions. It seems logical to test all materials until 
they reach the steady state zone. 

Effect of Displacement Amplitude on the Rate of Cavitation Damage 

Recent investigations with distilled water at 80°F showed 
that the cavitation damage rate varied as the square of the dis- 

placement amplitude (8). It has been confirmed that this rela- 
tionship is also true for the case of liquid sodium at 400 F. 
The cavitation damage rates in the steady state zone for five 

metals (pure iron, 201 nickel, 316 stainless steel, 600 inconel 
and l O O A  titanium) are shown as a function of amplitude in 
Figure 22. This relationship is: 

0 

where 

- = c1 a” 
P 

t 11 
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r is the rate of weight l o s s  

a is the amplitude of vibration 
P is the density of material 

c1 is an experimental constant 

Average values of the constant c1 for each material tested are 
presented in Table 1 along with their typical mechanical proper- 
ties as obtained from the literature. It is not obvious as to 
why the damage rate should vary as the square of the amplitude. 
However, an analysis of the bubble collapse energies in terms of 
the amplitude of oscillation should explain this relationship. 

Effect of Liquid Metal Temperature on the Rate of Cavitation 
Damage 

One of the basic parameters in the study of cavitation 
damage in liquid metals is the temperature of the liquid metal. 
Quantitative results have been obtained on the effect of tempera- 

ture up to 1000 F in the steady state zone as shown in Figure 23 

for lOOA titanium. This result confirms that obtained by Peters 
and Rightmire (lo), Leith (ll), and Plesset (12) using water as 
the test liquid. The behavior of a given material in a cavita- 
ting liquid environment as a function of temperature is difficult 
to explain on the basis of this limited information. It is ob- 
vious that the liquid metal properties, as well as the test ma- 
terial properties, are affected by a change in the liquid metal 
temperature and a detailed investigation is necessary to under- 
stand this effect. 

0 
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Effect of Mechanical Properties on the Rate of Cavitation Damage 

There have been many attempts in the past to correlate the 
mechanical properties of the test material with cavitation 
damage (10, 13, 14, 15). Recent efforts to correlate the strain 

energy of the material (area of the engineering stress-strain 
diagram from a simple tensile test) have offered the best promise 

(14, 15).  From the beginning, these efforts have been handi- 
capped by the lack of actual stress-strain information even for 
tests at room temperature. In ract, complete engineering stress- 
strain curves are a rarity (16) at room temperatures. 
temperatures, these attempts to obtain actual strain energies be- 
come much more difficult. However, the typical values of ulti- 
mate tensile strength, yield strength and ultimate elongation 
can be obtained from published literature (17, 18, 19, 20) as a 
function of temperature for four of the five metals tested. It 
was decided to use these reported values to estimate the magni- 
tude of strain energy by the use of the following approximate 
re la t i ons hip : 

At higher 

(y + T) 
2 s =  e 

where 
Y is the yield strength 
T is the ultimate tensile strength 
6 is the ultimate elongation. 

c 21 
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Such estimated values of the strain energy are shown as a func- 
tion of temperature in Figure 24. The relationship between the 
reciprocal of the rate of volume loss  due to cavitation damage 
in liquid sodium at 400°F and the estimated strain energy of 
the material at 400°F is shown in Figure 25. 
fact that these values of mechanical properties are only typical 
values and that they may vary from heat to heat, the correlation 

between the estimated strain energy and the cavitation damage re- 
sistance is good. This result points out the need for conducting 
the actual stress-strain and other mechanical property tests at 

the temperature of interest on the particular samples of metal 
from which the cavitation damage specimens are made. 

Considering the 

Order of Magnitude of Intensity of Cavitation Damage in Liquid 
Sodium at 400°F 

~~ 

A reasonably successful formulation of the concept of abso- 
lute intensity of cavitation damage has been accomplished re- 

cently (9). 
bubble collapse energy is absorbed by the test material, causing 
final fracture and volume l o s s .  

terial Ea is given by: 

It is generally accepted that a portion of the 

The energy absorbed by the ma- 

E = AV*Set a r-31 

where AV is the volume l o s s  and S is the strain energy defined 
as the energy absorbed per unit volume of the material up to 
complete fracture under this type of loading. Hence, the power 

e 
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any given temperature. There are two limitations to this ap- 
proach. The average rate of depth of erosion is time dependent. 

Secondly, the value of S is not precisely known at present. 
In the present investigations, an approximate analysis was made 

to determine I in watts per square centimeter for liquid sodium 
at 400°F in the steady state zone using the strain energy values 
as obtained by Equation 121 and as shown in Figure 24. The com- 
puted value of I for each material is shown in Table 1. The 
average value of cavitation damage intensity in liquid sodium at 
400°F is approximately 2.3 x watts/cm2 as compared to an 
estimated value of 1.5 x lo-* watts/cm2 in distilled water at 
80°F for a double amplitude of 1.5 x inch and a frequency 
of 15 kcs. 
about one and one half times that in distilled water at 80°F. 

e 

The intensity of damage in liquid sodium at 400°F is 

High Frequency Fatigue Testing 

The above analysis points out the need for obtaining actual 
mechanical property data at the frequency and temperature of 
tests in liquid sodium. One of the relatively easy methods of 

obtaining these data is by the high frequency fatigue tests 
making use of the magnetostriction apparatus used for cavitation 
damage tests. 

This method has been the subject of investigation recently 
by Mason (5), Neppiras (21) and Tanaka (22), and it appears 
ideally suited since the strain rates are of the order of those 
encountered in the cavitation damage process under study. In 
addition, the rapidity of the test permits extensive studies to 
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absorbed by t h e  material i s  given by: 

hVe se ' 
t P =  a C 41 

where AV/t i s  t h e  volume l o s s  p e r  u n i t  t tme. I n  order  t o  t ake  

i n t o  cons ide ra t ion  t h e  e f f e c t  o f  s i z e  of the  system t h e  power ab- 

sorbed p e r  u n i t  area i s  defined as t h e  i n t e n s i t y  of c a v i t a t i o n  

damage. 

Hence , 

'a AVOS, I 

A - A - t  
I = - - -  

e e 

i s '  e 
t I =  

C 51 

C 61 

where I i s  the i n t e n s i t y  of c a v i t a t i o n  damage, A i s  the area of 

e ros ion  and i i s  the average depth of e ros ion .  
e 

With t h e  he lp  of t h i s  d e f i n i t i o n ,  i t  now seems p o s s i b l e  t o  

make a q u a n t i t a t i v e  comparison o f  the i n t e n s i t i e s  of damage i n  

high temperature l i q u i d  metals w i t h  t h o s e  of room temperature 

water t e s t  systems and w i t h t h o s e o f  p r a c t i c a l  hydrodynamic sys- 

. tems. The va lue  of  I can be e a s i l y  computed based on the average 

depth o f  e ros ion  p e r  u n i t  time and t h e  energy absorbed by the  u n i t  

volume of t h e  material up t o  f r a c t u r e  by t h i s  type of loading a t  
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The specimen was calibrated by measuring the displacement 
amplitude along the specimen by means of a microscope and by 

plotting the amplitude as a function of the longitudinal 
I 
i 

be made. At 15 kcs, the limiting number of cycles, set at lo8 
can be achieved in two hours. 

The specimen selected for the fatigue studies is shown in 
Figure 26. The basis of design of this type of fatfgue speci- 
men is as follows (22). The solution of the one dimensional 
wave equation for a wave travelling in a stepped cylindrical 

rod with diameter dl, over a length 8 ,  and diameter d2 over a 
length .C2 is given by 

tan kkl + p tan k-t2 = 0 

where 

f = frequency 

c = velocity of sound in the material. 

The solution of Equation [TI is obtained graphically as shown 
in Figure 27. Since an abrupt change in the diameters would 
produce stress concentrations, a smooth tapered transition is 
provided. The altered length a2 due to this transition is ex- 
perimentally determined by adjusting the length. 
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d i s t a n c e  as shown i n  Figure 28. The s lope  of t h i s  curve g i v e s  

t h e  s t r a i n  along t h e  long i tud ina l  a x i s  of the  specimen and t he  

maximum s t r a i n  i s  d i r e c t l y  propor t iona l  t o  t h e  vo l t age  developed 

i n  a p i ck  up c o i l  loca ted  above t h e  f a t i g u e  specimen as shown i n  

Figure 29. 

value of t h e  s t r a i n ,  and t h e  ca lcu la ted  value ( t h e  c a l c u l a t i o n  

b e i n g  made on t h e  assumption t h a t  a pure s i n e  wave t r a v e l s  a long 

a uniform r o d ) .  The measured value i s  about 0.87 times t h e  c a l -  

cu la t ed  va lue  because of t h e  d i s t o r t i o n  of t h e  wave due to the  

t a p e r .  There a r e  a f e w  l i m i t a t i o n s  t o  t h i s  c a l i b r a t i o n :  

Figure 30  shows the r e l a t i o n s h i p  between the measured 

1. Reproducib i l i ty  o f  specimen geometry and c o n t r o l  

of su r f ace  roughness while machining. 

2. E f fec t  of high temperature environment i n  t h e  

case of sodium experiments.  Attempts a r e  being made to overcome 

t h i s  l i m i t a t i o n .  

Using the  techniques described above,a s e r i e s  of 1020 m i l d  

s t e e l  specimens was v ib ra t ed  i n  l i q u i d  sodium a t  300°F. 

po in t  ( 
of a s i n g l e  specimen a t  a given s t r e s s  a f t e r  t h e  e l apse  of  t h e  

corresponding number of cyc les  of a l t e r n a t e  s t r e s s i n g .  Data 

f o r  m i l d  s t e e l  i n  d i s t i l l e d  water u s i n g  t h e  same method i s  i n -  

cluded f o r  a d d i t i o n a l  information. Figure 3 2  shows t h e  f a i l u r e  

of a t y p i c a l  specimen i n  sodium. 

Each 

) p l o t t e d  i n  Figure 31  r e p r e s e n t s  t h e  f a t i g u e  f a i l u r e  
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NOTE! DASHED L I N E  INDICATES EXTRAPOLATION 
DUE TO FATIGUE LIMIT OF CALIBRATED 
SPECIMEN 0 
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FIGURE 30. CALIBRATION OF HIGH FREQUENCY FATIGUE SPECIMEN 
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FIGURE 32. TYPICAL FATIGUE SPECIMEN SHOWING FAILURE 
IN HIGH FEQUENCY TEST 
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(a) 316 stainless steel (for comparison), (b) TZM, (e) Stellite 6B, 

(d) Cb- l32M,  and ( e )  T-222. The effects of temperature up to 
1500°F and oxygen at 10 * 10 and 200 50 ppm on the cavitation rate 
in liquid sodium will be studied. Ultrasonic corrosion fatigue 
and stress corrosion cracking tests in liquid sodium will be per- 
formed for 316 and TZM at two temperatures, 1000° 

at the two oxygen levels as above. This work will also be sup- 
ported by the National Aeronautics and Space Administration under 
Contra.ct NAS3-4172. 

~ 

and 1500°F, and 
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CONCLUSIONS 

The results of cavitation damage tests conducted with a 
magnetostrictive device may be summarized as follows: 

1. The rate of cavitation damage in the steady state 

zone for liquid metal sodium varies as the second power of the 
displacement amplitude and this result also conforms with that 
obtained earlier for water systems. 

3. The rate of cavitation damage in the steady state 
zone for liquid sodium increases with temperature and then de- 

creases. Further investigations are necessary to understand the 
interacting influence of the change in the properties of liquids 
and test materials as the temperature is increased. 

4'. Allowing for the lack of accurate information, 

there is a good correlation between the strain energy of the test 

material and cavitation damage resistance. 

5. The intensity of cavitation damage in liquid 
sodium at 400°F is about one and one half times that in water 

at 80°F for a given amplitude and frequency. 

FURTHER WORK 

Work is planned for the coming year to quantitatively study 
the cavitation damage resistance of four materials which have 
shown promise for use in advanced nuclear space electric power 

systems. 
used in these investigations. The metals of interest are: 

The new refractory metals dry box facility will be 



HYDRONAUTICS, Incorporated 

-63- 

APPENDIX I 

Experiments to Standardize the Test Parameters of Magneto- 
striction Amaratus: 

The essential test parameters of the magnetostriction ap- 
paratus are shown in Figure 33. The nomenclature is as follows: 

a - amplitude of vibration o f  the specimen 

f - frequency of oscillation 

r - radius of the specimen 

d - depth of immersion of the specimen 

H - depth of test liquid in the beaker 

D - diameter of the beaker 

X - wave length of sound in the liquid. 

So far there has never been any systematic analysis of the effect 
of  the above parameters on the rate of cavitation damage excepe for 

a few isolated experiments without any specific conclusions. 
Before undertaking any detailed investigations on the resistance 
of materials by making use of this apparatus, it is necessary to 
know the effect of small variations in the above parameters so  

that proper care will be taken to control them as required. With 
this objective in view the following experiments were carried out 

under the present program of research. 
specimens were used in these experiments as a matter of speed 

and convenience. 

Tap water and aluminum 
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Effect of Specimen Shape: It is the general practice 

to use a circular test specimen with a flat test face (shown in 
Figure 34) for cavitation damage tests. 
reported that it was difficult to get reproducible results with 
this flat faced specimen and introduced the "dished" specimen 
idea (as shown in Figure 34) with the claim that this type of 
specimen would give a better reproducibility of the results. 
ing the present experiments with liquid sodium it was found that 
the rim damage (the rim of the specimen would break off in the 
middle of an experiment due t o  the damage produced by a ring of 
bubbles entrapped in the tip vortices) was a serious difficulty 
with this type of specimen. Furthermore, the machining and con- 
trol of the test surface finish are much more difficult thanwiththe 
flat faced specimens. These considerations lead to a reexamina- 
tion of the effect of specimen shape with particular reference 

to the necessity of the rim, Figure 35 shows the relationship 
between the damage rate and the testing time for four identical 
flat faced specimens at a given amplitude and frequency. 
shows the same relationship for three identical,Plesset, dished 
specimens. The amplitude in this case had to be lower because 
of rim damage at higher amplitudes. 

reproducibility of results with a flat faced specimen is in no 
way inferior to the specimens with rim. Figure 37 shows the rate 
of damage as a function of amplitude for both types in the steady 
zone and there seems to be no difference provided there is no 
rim damage. It has been decided to adopt a simple flat faced 
specimen as a result of these investigations. 

However, Plesset (6) 

Dur- 

Figure 36 

One can easily see that the 
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b) FLAT SPECIMEN 

FIGURE 34. TWO TYPES OF SPECIMENS 
TEST ED FOR RE PRO DU CIB ILlTY 
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69 0-PLESSET'S RIMMED SPECIMEN 

MATERIAL ......... 1100-0 ALUMINUM 
LIQUID ................. WATER AT 80' E 
FREQUENCY .................... 15 KCS 

XI0 
8 

6 

4 

2 

XIO' 
8 

6 

4 

2 

XIO" 2 4 6 8 XIO' 2 4 6 8 XI0 
AMPLlTUDE,10'3 INCH (MILS) 

FIGURE 37 EFFECTOF AMPLITUDE ON RATE OF WEIGHT LOSS FOR 
BOTH TYPES OF SPECIMENS 
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Effec t  of Depth of T e s t  Liquid i n  t h e  Beaker: It has 

been suggested ear l ie r  t h a t  t h e  depth of l i q u i d  i n  t h e  beaker 

had an e f f e c t  on the  damage r a t e  because of  the wave p e f l e c t i o n s  

i n  t h e  l i q u i d  (23) .  It has been f u r t h e r  recommended t h a t  t h t s  

depth should be a h a l f  wave length  of sound i n  t h a t  l i q u i d  f o r  

the t e s t  frequency so  tha t  a s tanding wave i s  produced. 

shows t h e  r e l a t i o n s h i p  between t h e  r a t e  of damage and t h e  re la-  

t i v e  depth of l i q u i d  (water) wi th  r e spec t  t o  the wave l eng th  a t  
15 kcs.  There seems t o  be l i t t l e  e f f e c t  on damage ra te  due t o  

t h e  wave r e f l e c t i o n s  up t o  about two and one ha l f  wave l eng ths .  

It has been observed t h a t  t h e  damage r a t e  decreases  i f  t h e  dep th  

i s  decreased below 0.3 wave l eng th .  Hence t h e  depth o f  l i q u i d  

i n  t h e  beaker w i l l  be kept more than a h a l f  wave l eng th ,  

Figure 3a' 

Ef fec t  of t h e  Diameter of t he  Beaker: There seems t o  

be l i t t l e  e f f e c t  of t h e  diameter of t h e  beaker on t h e  r a t e  of 

damage as shown i n  Figure 39 which shows t h e  r e l a t i o n s h i p  be- 

tween t h e  r a t e  of damage and t h e  r e l a t i v e  diameter  w i t h  r e spec t  

t o  the wave length of sound i n  the  t e s t  l i q u i d .  

E f fec t  of Depth of Immersion of Specimen: Rheingans (13) 

found t h a t  the  depth of immersion of t h e  t e s t  specimen had an 

e f f e c t  on t h e  cumulative damage; furthermore,  t h i s  e f f e c t  de-  

pended upon t h e  t es t  du ra t ion .  Because of t h e  two i n t e r a c t i n g  

v a r i a b l e s ,  he f a i l e d  t o  come t o  a d e f i n i t e  conclusion regarding 

the  magnitude of  t h e  e f f e c t  of t h e  depth of immersion on damage. 

Present  experiments on t h i s  a spec t  conducted i n  t h e  s teady zone 

( thereby  e l imina t ing  t h e  time e f f e c t s )  show t h a t  the ra te  of 
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damage i n  the  steady zone is  independent of t he  depth of i m -  

mersion of t h e  tes t  specimen up t o  one r a H u s  of t h e  specimen 

as shown i n  Figure 40. 

E f f e c t  of Diameter of Specimen: The ra te  of weight loss 
due t o  c a v i t a t i o n  damage i n  the s teady  state zone a t  a g iven  

m p l i t u d e  and frequency i s  d i r e c t l y  p ropor t iona l  t o  the square 

of the diameter of t h e  specimen wi th in  t h e  l i m i t s  o f  3/8 t o  7/8 
inch  diameter f o r  f l a t  specimens as shown i n  Figure 41. The 

rate of volume loss i s  determined by the area of specimen and 

t h i s  value was found t o  be independent of t he  specimen diameter 

as shown i n  Figure 42. 
c l u s i o n  t h a t  t h e  i n t e n s i t y  of c a v i t a t i o n  damage i s  independent 

of t h e  specimen diameter,within the range tested, i n  t h e  case 
of a magnetos t r ic t ion  apparatus  i n  the s teady  state zone ( the  i n -  

t e n s i t y  being def ined as  i n  Reference ( 9 ) ) .  

T h i s  r e s u l t  leads t o t h e i n t e r e s t i n g  con- 

Conclusions: A s  a r e s u l t  of these ana lyses ,  the  f o l -  

lowing c r i t e r i a  f o r  s t anda rd iza t ion  of t h e  tes t  parameters i n  

t h e  magnetos t r ic t ion  apparatus  have been formulated.  The beaker 

dimensions do n o t  seem t o  have any s p e c i f i c  effect  on the rate 

o f  damage and hence a reasonably p r a c t i c a l  s i z e  may be s e l e c t e d .  

The r a t e  of damage i s  independent o f  t he  depth of immersion of 

t h e  specimen up t o  one r ad ius  of  t h e  specimen. A f l a t  faced 

specimen may be se l ec t ed  f o r  t e s t i n g  because of i t s  s i m p l i c i t y .  
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APPENDIX II 

The Design and Function of the 
Components of the Magnetostriction Apparatus 

Des cript ion 

Refer to the block diagram in Figure 3. Basically the sys- 
tem consists of a nickel transducer element which contracts in 
length under the influence of a magnetic field. This is known 

as tile m a g ~ - ~ e t o s t r i c t i v e  e f f e c t .  Tk.e iiiagrLetJc c o i l  surroundfng 

the stack is powered by an oscillating current source which 
causes the stack to vibrate longitudinally in phase with the os- 
cillation cycle. The amplitude of vibration of the nickel trans- 
ducer is limited by its magnetization characteristics and modulus 
of elasticity and is usually quite small, even at resonance. In 
order to further amplify this vibratory motion to useful output 
levels it is necessary to mechanically couple a velocity trans- 
former to the working end of t h e  transducer. In the work re- 
ported, an exponential horn or a double cylinder stepped horn is 
used. Careful impedance matching of the electromechanical 
coupling of the transducer and transformer elements is essential 
for efficient operation. The technique of design is described 

in detail in the literature ( a ) ,  (24), (25). 

Equipment Details 

The particular apparatus used in these fnvestigations are 
as follows: 
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Transducer - A commercial transducer was used whtch 
consisted of a pure laminated nickel stack made up of annealed 
U shaped sheets of pure nickel about 0.005 inch thick. Each 
lamination was coated with an epoxy resin and potted together 
to form a ridged rectangular assembly, having a cross section of 
1-3/4" x 2" and a length of 6 inches. A pair of insulated ex- 
citing coils, wound in a series aiding direction is fitted over 
each leg of the slotted transducer. The resonant frequency of 

the transducer is 14 kcs. The power requirements are about 
200 watts t o  produce an amplitude at the transducer of about 

O.OOO5imh. The impedance of the transducer uncoupled is about 
16 ohms. DC biasing is furnished by means of a permanent magnet 
positioned in the open end of the s l o t .  

Velocity Transformer - A threaded stub is firmly 
attached to the transducer by means of soldering so that aninter- 
changeable velocity transformer can be adapted. For cavitation 
damage work, the exponential horn is used, and for fatigue 
studies the higher amplitude double cylinder horn is used. The 
amplification factor for an exponential horn varies directly as 
the ratio of the larger and smaller diameters, For the double 

cylindrical horn greater amplifications can be realized, be- 
cause the amplification factor varies as the ratio of the square 
of the larger and smaller diameters. In actual practice, it 
turns out that the double cylinder horn is extremely sensitive 
to impedance matching and therefore great care must be taken to 
insure proper electro-mechanical coupling in order to obtain the 
full amplification capability. However, for the purposes of 
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these experiments, fairly good results have been obtained Esi-ng 
a general purpose fixed transducer design. The materials of con- 

struction for velocity horns have been 17-7PH stainless steel, 
316 stainless steel and titanium, 6~1, 4V alloy. 

Cooling - The heat generated in the exciting coils of' 
the transducer plus the vibrational energy transmitted by the 
magnetostrictive effect must be dispelled in order not to alter 
the operating constants of the equipment. Successful cooling has 

been obtainea by submerging t h e   it I n  a ker~sece bath cmtaifl-  

ing a cooling water coil. 

Amplifier - Any standard linear amplifier (push-pull 
type) can be used by powering the transducer exciting coils. 

Audio Oscillator - The amplifier is driven by a stand- 
ard audio oscillator capable of stable frequency control over a 
range of 20 kcs. A wide range gain control for regulating the 
input signal is required. The oscillating input to the amplifier 
imparts an oscillating current to the exciting coils causing the 
transducer to be driven in a vibratory mode of the same frequency. 
Turning of the oscillator to the resonant frequency of the system 
will produce maximum amplitude. 

Pick-up Coil - Some means of measuring the amplitude of 
vibration is required. Any means is satisfactory in generating 

an electrical signal as a function of physical displacement. 
Piezoelectric transducers, reluctance and capacitance pi ck-ups 
have been used by others with success. The method employed in 
these investigations is to provide a simple coil of fine wire 
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(similar to a voice coil of a loudspeaker) at an anti-nodal 
point on the velocity transformer. 
existing in the velocity transformer is sufficient to generate 
a voltage signal in the coil which varies with the amplitude. 
Sometimes when paramagnetic materials are used, the signal our- 

put of the coil can be increased by means of a fixed ring magnet 
mounted in close proximity to the coil. The voltage output of 
the coil is fed to any standard oscilloscope. The amplitude of 

the sine wave generated (voltage) is a function of the physical 
amplitude of the specimen. This signal voltage can be calibra- 
ted against the measured physical displacement by means of ob- 

servations of a fixed point on the specimen through a filar 
microscope. 

The residual magnettc fYxT8 

L 
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